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Objectives 

Quantify the effect of varying the percentage of 
the steam-methane reformation reaction occurring 
on-cell on the thermal, electrical, and mechanical 
performance of a generic SOFC stack design.

Determine the optimal on-cell reformation 
percentage.

Demonstrate - with simulations of stack operation 
- how the optimal methane fuel mixture can be used 
to improve stack performance. 

Accomplishments 

Discovered that at least 40% of the steam-methane 
reformation reaction could be performed on-cell for 
cross-fl ow and counter-fl ow stacks of 10x10 cm and 
20x20 cm cell sizes.  

Identifi ed that at least 80% of the steam-methane 
reformation reaction could be performed on-cell 
for co-fl ow confi guration stacks because the stack 
performance improved continuously with increasing 
percent on-cell reformation.

Demonstrated that the thermal and mechanical 
performance could be manipulated with on-cell 
reformation without adverse effects to the electrical 
performance of the stack.

Introduction 

The solid oxide fuel cell (SOFC) industry 
continues to develop larger, more powerful cell 
stacks for stationary power applications, and thermal 
management remains a critical issue for the reliable 
operation of these stacks.  On-cell steam-methane 
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reformation is an effective means of removing excess 
heat generated within large SOFC stacks.  The 
endothermic reformation reaction, when employed 
directly on the anode, immediately removes excess heat 
generated by the electrochemical oxidation reactions.  
Thus on-cell reformation (OCR) is attractive because 
of the decreased thermal load it can provide as well 
as the cost benefi ts of decreased reformer and heat 
exchanger size.  The challenge presented by OCR is 
related to the rapid kinetics of the reformation reaction 
on a standard Ni-YSZ anode.  With increasing percent 
OCR, the resultant endotherm can cause a signifi cant 
local temperature depression near the fuel inlet on the 
anode.  Cooling near the fuel inlet and subsequently 
increased heating downstream due to increased 
hydrogen concentration and electrical current density 
can create a large difference between the minimum and 
maximum temperatures on the cell (ΔT).  Along with the 
cell ΔT there can be an increase in the thermal stresses 
on the anode creating an unreliable condition for cell 
operation.  This study was performed to analyze the 
effect of various percent OCR on the thermal, electrical, 
and mechanical performance of typical planar SOFC 
designs with 10x10- and 20x20-cm active cell areas.

Approach 

A computational modeling tool for simulating 
the multi-physics of SOFC operation was used in 
this study.  The PNNL-developed SOFC-MP code 
solves the equations for mass transport, energy, and 
electrochemistry required to predict the fl uid fl ow, 
temperature, species, and current density distributions in 
a three-dimensional SOFC geometry [1,2,3].  The 
3-dimensional model geometries and boundary 
conditions were similar to those of earlier work by 
this group [4].  The electrochemistry model used was 
described by Chick et al. [5], calibrated for application to 
planar stack simulations [6,7], and updated to provide an 
improved anode concentration polarization model [8].  
The steam-methane reformation model was described 
by Recknagle et al. [9] and revised to include a 1st order 
Arrhenius rate expression derived experimentally at 
PNNL [10].

In the study it was assumed the unreformed fuel 
mixture containing methane, steam, and nitrogen passed 
through a fuel stream pre-heater to an external reformer 
where various percentages of the methane were reacted 
using excess steam in a steam-to-carbon ratio of 2.  The 
anode input gas mixture was then determined based on 
the water-gas-shift reaction equilibrium at 750°C.  This 
study examined fuels with compositions representing 
0 to 80% OCR as summarized in Table 1.
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TABLE 1.  Molar Compositions of Fuel Mixtures Supplied from External 
Reformer to the Stack

% OCR H2 CO H2O CO2 CH4 N2

0 0.538 0.127 0.181 0.052 0.000 0.101

20 0.465 0.096 0.232 0.059 0.039 0.109

40 0.376 0.064 0.295 0.062 0.084 0.118

60 0.264 0.033 0.377 0.058 0.137 0.129

80 0.118 0.008 0.488 0.042 0.202 0.142

In the simulations, the iterative solutions for 
all cases were well converged with respect to mass, 
momentum, energy, chemistry, and electrochemistry.  
For these analyses, the electrochemical performance of a 
cell operating on the fully pre-reformed fuel was taken to 
be 0.60 A/cm2 at 0.68 volts and 75% fuel utilization, at 
an average cell temperature of 750°C.  All solutions used 
adjustable infl ow temperature and cell voltage to achieve 
an average cell temperature of 750°C and current density 
of 0.6 A/cm2, respectively.  Because all cases simulated 
stack operation at the same average temperature and 
current density except for variations in the output power, 
the differences in net heat load were attributable to 
the heat removed by OCR.  Subsequently, the thermal 
performance of each stack could be compared directly.  
Two air fl ow rates were used to examine the air cooling 
effect at 30% and 15% air utilization.

After the electrochemical-thermal solution was 
obtained, the resulting temperature profi le was used 
as the thermal load in the subsequent structural 
analysis to calculate stresses in the cell.  The maximum 
principal stress of the anode was then obtained for each 
of the cases.  For the structural evaluation, minimal 
displacement support boundary conditions were used 
at the bottom of the cell.  These simplifi ed boundary 
conditions do not constrain the unit cell model as 
completely as if it was within a full stack, and are 
suitable for direct case-to-case comparisons of the stress 
in a trend analysis as is presented here.

Results 

Figure 1 shows the cell ΔT (triangular icons), and 
the maximum principal stress (S1) in the anode (red 
square or green “x” icons) for the 10x10-cm counter-
fl ow stack as a function of percent OCR.  The scale for 
the cell ΔT is on the left of the fi gure and the scale for 
the stress on the right.  With 30% air utilization, cell 
ΔT for this stack varied between 45° and 85°C with 
a minimum at 40% OCR.  The anode stress followed 
the trend of ΔT closely also reaching a minimum value 
at 40% OCR for 30% air use.  As shown by the green 
curve in Figure 1, when more air was supplied to the 
stack (15% air use) the variation of stress was decreased, 

but the magnitude of the stress was not decreased 
substantially.  For both air utilizations, the anode stress 
was at least 14 MPa.  

Table 2 summarizes cases for each stack 
confi guration and cell size with 30% and 15% air use, 
and the percent OCR in which the anode stress was 
minimum, including the data point representing the 
10x10 cm counter-fl ow stack described in Figure 1.  
The 10x10-cm cross-fl ow stack results were similar to 
the counter-fl ow results featuring a minimum anode 
stress and ΔT at intermediate OCR (50%) with 30% 
air use.  With more cathode air (15% air use) neither 
the maximum temperature nor the anode stresses were 
signifi cantly reduced.  The 10x10-cm co-fl ow stack 
results, with 30% air use, showed little change to the 
magnitude of ΔT and a slight decrease of anode stress for 
increasing percent OCR.  The co-fl ow stack also showed 
a benefi t from increased cathode air (15% air use) in 
the form of decreased ΔT and stress over the full range 
of percent OCR.  Stresses in the anode were similar in 
magnitude to those predicted for the counter- and cross-
fl ow stacks with a minimum value of approximately 15 
MPa.  Gross electrical power density of 0.4 W/cm2 was 
virtually unaffected for each of the 10x10-cm stacks.

Cell ΔT and anode stresses were substantially larger 
in the 20x20-cm stack simulation results than those of 
the 10x10-cm cases.  Similar to the 10x10-cm cases, the 
anode stresses were minimum values at intermediate 
percent OCR for 30% air use in cross- and counter-fl ow 
confi gurations.  With 15% air use the cross and counter-
fl ow stacks benefi ted most from 0% OCR while the 
co-fl ow stack had decreased stress, ΔT, and maximum 
temperature at 80% OCR.  In each 20x20-cm case the 
electrical power density deviated little from the nominal 
value of 0.4 W/cm2.

FIGURE 1.  Cell Temperature Difference (ΔΤ) and Maximum Principal 
Stress (S1) versus % OCR for 10x10-cm Counter-Flow Cases
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Conclusions

The analyses showed that the anode stress achieved 
local minima along with the temperature difference 
on the cell with 40 to 50% OCR in counter-fl ow and 
cross-fl ow stacks of 10x10-cm size.  

Unlike the cross-fl ow and counter-fl ow stacks, the 
co-fl ow stack showed substantial thermal benefi t 
due to increased air fl ow (15% air utilization) as the 
anode stress and cell temperature difference was 
decreased over the full range of OCR. 

Within the 20x20-cm cases the co-fl ow 
confi guration stack had the smallest anode stresses 
and cell temperature difference, both of which were 
continuously decreased with increasing OCR. 

Gross electrical power density of 0.4 W/cm2 was 
virtually unaffected for each 10x10-cm case; little 
power density variation was predicted in the 20x20-
cm cases as well. 

For the conditions and particular generic stacks of 
this study, the results suggest 40 to 50% reformation 
on-cell should be considered for cross-fl ow and 
counter-fl ow stacks, and OCR as high as 80% with 
at most 15% air utilization should be desirable in 
co-fl ow stacks.  

Future Directions

Modeling will be performed in support of 
experiments to modify anode material providing 
optimal anode activity for thermal performance.

Optimize the thermal, mechanical, and electrical 
performance of stacks of larger size and varying 
design.
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